A deeper understanding of extreme hot weather are needed in cities sensitive to heat effects, an investigation was done in the tropical town of Kaohsiung in Taiwan. Its 11 districts were divided into three climatic classes varying from high urban heat, low levels of green space and lack of proximity to water bodies to low urban heat, adequate green space and proximity to water bodies. Daily data on natural mortality, meteorological variables, and pollutants from May-October 1999-2008 were analysed using generalised additive models for the time-series data. Subgroup analyses were conducted, stratifying decedents according to the level of planning activity required in order to mitigate adverse heat effects in their residential areas, classifying districts as "level 1" for those requiring a high level of mitigation action; "level 2" for those requiring some action; and "level 3" for those that need only preserve existing conditions. Stratified analyses showed that mortality increases per 1 °C rise on average, either on the same day or in the previous 4 days (lags 0-4), were associated with 2.8%, 2.3% and -1.3% for level 1, 2 and 3 districts, respectively. The slope describing the association between temperature and mortality was higher above 29.0 °C resulting in corresponding increases of 4.2%, 5.0% and 0.3% per per 1 °C rise in temperature, respectively. Other meteorological variables were not significantly associated with mortality. It is concluded that hot season mortality in Kaohsiung is only sensitive to heat effects in districts classified as having unfavourably climatic conditions and requiring mitigation efforts in city planning. Urban planning measures designed to improve climatic conditions could reduce excess mortality resulting from extreme hot weather.
Introduction
The reality of climate change has focused attention on the potential of adverse health consequences resulting from extreme, high temperatures. While strategies to mitigate future climate change through reduction of greenhouse gas emissions remain critical, adaptation is essential as climate change is now seen as unavoidable due to the anticipated time lag between implementation of measures to reduce greenhouse gas emissions and their effects on the world climate (Pielke et al., 2007) . In 2008, the World Health Organization (WHO) passed a resolution which includes the health impacts of mitigation and adaptation policies as one of five key areas for research in the area of climate change and human health (Hosking and Campbell-Lendrum, 2012) . One way that cities can adapt to the hotter temperatures resulting from climate change is to lessen the impact of the urban heat island (UHI) effect through better urban design (Luber and McGeehin, 2008) . Knowledge of which areas of a city are particularly vulnerable to UHI effects would aid city planners in knowing where to focus their efforts. The urban climatic map (UCMap) concept uses available, meteorological data, geographical information and planning information on several parameters important for the urban climate to identify areas of a city that may be particularly sensitive to UHI effects (Ren et al., 2011) . This concept can be used for planning recommendations from the climatic point of view.
The expected increase in mortality due to the higher frequency of extreme, hot weather is a prominent outcome of climate change. Numerous studies have examined the short-term association between daily ambient temperatures and mortality, and most of them have found increases during periods of both very hot and very cold weather (Braga et al., 2002; Curriero et al., 2002; Carder et al., 2005; Ishigami et al., 2008; McMichael et al., 2008; Chan et al., 2012) . Studies looking at the potential modification of the effect of hot weather on mortality due to urban features, such as that of the UHI effect, are less common. Our previous Hong Kong-based study classified geographic areas of that city according to an UHI index (UHII) and found that higher mortality was significantly associated with mean temperatures above 29 °C and low mean wind speeds in areas with the UHII above the median value, while it had no association with these parameters in areas with the UHII below the median.
Kaohsiung, a port city in south-eastern Taiwan and the second largest city in the country, had a population of 1.53 million at the end of 2010 (Kaohsiung City Government, 2011) . Its climate is tropical with a hot season between May and October, during which period the mean monthly temperatures exceed 27°C. The population density for the city as a whole is 9,961 per km 2 , but in the districts in central Kaohsiung the density ranges from about 15,000 per km 2 to 28,000 per km 2 . The proportion of the population over 65 and 75 years of age is 10% and 4%, respectively (Kaohsiung City Government, 2011 ).
In the current study, we examined whether areas of Kaohsiung, classified by the UCMap method as having unfavourable, urban, climatic characteristics prone to exposing residents to hot weather stress, indeed show greater increases in mortality during hot weather periods than areas with more favourable characteristics. These observations are important for decision-makers.
Materials and methods

Data
Daily deaths in Kaohsiung City for the period from 1 January 1999 to 31 December 2008 were obtained from the Taiwanese Department of Health, which is in charge of the national death registration system. For each death, detailed demographic information, including gender, date of death, date of birth, cause of death, place of death and residential district are recorded. Data on daily mean temperature, mean relative humidity (RH), mean wind speed and total global solar radiation were provided by the Central Weather Bureau from a station located on the coastline of Kaohsiung harbour. The city has six air quality monitoring stations that are established and run by the Taiwanese Environmental Protection Administration (EPA). The monitoring stations are fully automated and provide daily readings (24 hour average of the measurements) on sulphur dioxide (SO 2 ) by ultraviolet fluorescence (Tsai et al., 2009 ), on particulate matter <10 μm (PM 10 ) by beta-ray absorption (Tsai et al., 2009 ), on nitrogen dioxide (NO 2 ) by ultraviolet fluorescence (Tsai et al., 2009 ), on carbon monoxide (CO) by nondispersive infrared photometry (Tsai et al., 2009 ) and on ozone (O 3 ) by ultraviolet photometry (Tsai et al., 2009) . For each day, air pollution data were extracted from all monitoring stations and averaged. When data were missing for a particular monitoring station on a given day, the values from the remaining monitors were used to compute the average values.
Urban climatic mapping
The UCMap concept, first developed in the 1970s by researchers in Germany (Ren et al., 2011) , collates information on meteorological conditions, land use, urban planning, topographic characteristics and vegetation to produce a two-dimensional map showing the variation in climatic conditions across cities (Ren et al., 2011) . Various clima topes, i.e. areas showing similar urban climate characteristics, can be identified from this map (Ren et al., 2011) . The UCMap for Kaohsiung was developed using a raster grid with 500 x 500 m cells. The raster information included topography, population density, land use, UHII, natural landscape, water bodies, prevailing wind and the effects of land and sea breezes (Ren et al., 2013) . The first four of these data classes influence the thermal environment and were therefore categorised as "thermal loads", while the green space, e.g. urban parks, forests and agricultural lands as well as water body systems including seas, rivers and ponds can be said to contribute to the "dynamic potential" as they provide ventilation and cooling for the surrounding areas (Ren et al., 2013) . Information on prevailing winds including land and sea breezes, classified as "wind information", is important for urban planning. The Kaohsiung UCMap was created based on the information provided by these eight layers and includes also three levels of planning actions at the district level (Ren et al., 2013) .
The UCMap approach was used to divide Kaohsiung's 11 districts into three climatic classes. The "level 1 class" consisted of three districts in the centre characterised by a very high thermal load together with a low dynamic potential and thus in need of a high level of mitigation activities including increasing greenery coverage and lowering anthropogenic heat release (Ren et al., 2013) . Four districts with medium levels of UHII and a higher dynamic potential due to more green space were categorised as "level 2 districts" and judged to require some mitigation action, while "level 3" was reserved for four districts situated near water bodies and thus characterised by a low thermal load and high dynamic potential. This class was judged not to require any improvement other than preservation of existing conditions. Fig. 1 shows the map of Kaohsiung's districts with the three different levels of potential heat stress marked.
Statistical analysis
Analyses were restricted to the May-October period, i.e. the hot season. Poisson generalised additive models (GAM), described by Wood (2006) , were used to model the association between the daily, non-accidental mortality and meteorological variables, while adjusting for pollutants, time trend (day of study = 1, …., 3653), seasonality (day of the year = 121, …, 305) and day of the week. As a first step, distributed lag models (Armstrong, 2006) were fitted to the data to ascertain the lag effects of the meteorological variables. Maximum lags of 21 days for meteorological variables and 10 days for pollutants were initially allowed. After inspection of the results of the distributed lag models, it was decided to use the mean of lags 0-4 for both the meteorological and pollutant variables; thus subsequent models were fitted with smooth terms with 4 degrees of freedom each for the meteorological and pollutant variables. Pollutant variables were tried one at a time and in multi-pollutant models. None of the pollutant variables were statistically significant and the only one close to significance was ozone so only this variable was included in the final modelling. Models were fitted for all natural deaths and deaths were stratified into three groups by district level as described above. The models were also fitted for deaths stratified by gender and by age group (<65, 65-74, and >75 years). To check for possible "harvesting", the shortterm bringing forward in time deaths that would have occurred within a few days, even without the environmental stressors, we also fitted models using the mean of lags 0-21 for each meteorological variable. 
Results
Descriptive statistics on the study variables are shown in Table 1 . About 11% of deaths occurred in level 1 districts, while about 56% and 33% occurred in the levels 2 and 3 districts, respectively.
Models for all natural deaths with smooth terms for average lag 0-4 mean temperature, RH, wind speed, solar radiation and ozone, showed only a significant effect for temperature and this effect was positive over the range observed in the hot season with a higher slope for temperatures >29.0 °C (Fig. 2) . Higher humidity and ozone had weak and non-significant linear associations with higher mortality, while higher solar radiation and wind speed had weak, non-significant linear association with lower mortality. Since there were some missing data for solar radiation, this variable was excluded from subsequent models after confirmation that it did not play a substantial role, neither as predictor nor as confounder. Since all environmental variables showed a consistent association with mortality, we first fitted a model with linear terms for all the meteorological parameters and ozone. The results of this model are summarised in Table 2 . From this model each 1 °C rise in mean temperature was significantly associated (P = 0.014) with a 1.4% (95% confidence interval (CI) = 0.3-2.5%) rise in natural mortality. In analyses stratified by category of district, 1 °C rises in the mean temperature were associated with 2.8% (P = 0.119) and 2.3% (P = 0.002) rises in mortality in levels 1 and 2 districts, respectively, while a 1 °C rise was associated with a non-significant (P = 0.300) 1.2% drop in mortality for Level 3 districts. An analysis combining deaths in levels 1 and 2 districts into a single category was also performed due to the small sample size in the level 1 analysis and this showed a 2.3% rise (P <0.001) for the combined category. The difference between the temperature parameters between the level 1 + level 2 model and the level 3 model was statistically significant (P = 0.009). There was also a trend for the association between higher RH percent and higher ozone levels to be stronger in hotter areas, but none of the effects or differences between areas were statistically significant. Conversely, the association between lower wind speed and mortality was stronger in level 3 areas, but again this association was not significant in any of the subgroup analyses.
Since the slope describing the association between temperature and mortality was higher above 29.0 °C (Fig. 2) we also fitted models with temperature modelled using two piece-wise linear terms: T Results of these models are shown in Table 3 . For the model for all natural deaths, each 1 °C rise in mean temperature above 29.0 °C was significantly associated with a 3.4% rise (P = 0.017) in natural mortality. In analyses stratified by category of district, 1°C rises in mean temperature above 29.0 °C were associated with 4.2% (P = 0.360) and 5.0% (P = 0.010) rises in mortality in levels 1 and 2 districts, respectively, while a 1 °C rise was associated with a non-significant 0.3% (P = 0.899) rise in mortality for level 3 districts. The analysis combining deaths in levels 1 and 2 districts into a single category showed a 4.6% (P = 0.009) rise in mortality per 1 °C rises in mean temperature. There was also a trend for the association between higher temperatures below 29.0 °C to be stronger for hotter areas but none of these results were statistically significant. The results for the other environmental parameters were very similar to those in Table 2 (not shown). In subgroup analyses by age there was a trend for older age groups to show a stronger effect for the linear temperature term (Table 2) , with no association between higher temperature and mortality for the youngest age group considered (<65 years old at death). However for the analysis using piecewise terms all three age groups showed similar associations for temperatures >29 °C, with a trend only evident for temperatures <29 °C. In subgroup analysis by gender estimates from both the linear and piecewise models were very similar for males and females (results not shown).
To test for the possible influence of short-term mortality displacement "harvesting", we also tried models with the averages of longer lags, lags 0-21, for the meteorological variables. The results for these models gave estimates for linear temperature effects very close to those for the mean of lags 0-4, increases per 1 °C rise in temperature associated with 1.5%, 2.5%, 2.2% and -1.2% increases in mortality for all natural deaths, and deaths in levels 1, 2 and 3, respectively. This indicates that the cumulative effect on mortality up to 21 days is about the same as it is up to 4 days and that there is no evidence of short-term harvesting. Table 3 . Results of generalised additive models (GAM) with piecewise temperature terms.
Discussion
This, our second study in a tropical Asian city, shows that meteorological variables only substantially affect mortality in areas subject to UHI effects. The major finding is the statistically significant, shortterm increase in mortality during periods of higher temperatures in Kaohsiung, which did not appear to be due to "harvesting", and was significantly stronger in districts classified as requiring high (level 1) or medium (level 2) planning input according to the UCMap methodology. There was no significant effect of high temperatures in level 3 districts, i.e. those classified as only requiring preservation of existing conditions. The overall association between RH percent, mean wind speed and ozone levels and mortality were all non-significant, although higher RH and ozone were close to significant predictors of mortality in the "hot" areas.
In order to check if observed differences between classes of districts might be due to confounding by other characteristics of the districts we also examined the age distribution of the deaths in the districts and the average socioeconomic status (SES) of the districts population. The percentages of deaths occurring in subjects that were <65 years old, 65-74 years old and 75+ years old were 23%, 25% and 52%, respectively; in level 1 districts, 31%, 26% and 43% in level 2 districts, respectively; and 26%, 25% and 49% in level 3 districts, respectively. Thus, while the distribution of deaths in "hot" districts was slightly weighted to the older age groups than for level 3 districts, deaths in level 2 districts were the youngest and, overall, the deaths in the Level 3 areas were older than those in levels 1 and 2, which rules out confounding by age. While it is difficult to completely rule out confounding by SES as only district level SES indicators were available. Among the population 15 years of age or older residing in level 1 districts the percentage who had university degrees was 19.5% which is slightly higher than the percentages for those residing in level 2, 16.3% and level 3, 16.4%. The percentage of residents in level 1 districts classified as 'low income' was 1.4%, while the corresponding percentages for level 2 and level 3 districts were both 1.6%. Given the small differences in SES between district classes we believe that confounding by SES is very unlikely.
Our findings regarding high temperature effects are similar to those of our previous study conducted with data from Hong Kong . In that study we estimated an increase in mortality of 4.1% per 1 °C rise (lags 0-4) above 29 °C for areas with UHII above the median versus a 0.7% rise for UHII below the median. These findings are quite close to our findings for Kaohsiung, except that for Hong Kong we found a U-shaped mortality-temperature association during the hot season with an inverse association between higher temperature and mortality for temperatures below 28 °C, albeit the association was slight and non-significant. For Kaohsiung, on the other hand, the association between temperature and mortality was positive throughout the range observed in the hot season. Although Hong Kong has a sub-tropical climate, the distribution of temperatures during its shorter hot season (June-September) is nearly identical to that observed for the longer hot season in tropical Kaohsiung. An important difference between our results for Kaohsiung and those for Hong Kong concerns the association between wind speed and mortality. Lower wind speed was found to be an important and significant predictor of higher mortality in Hong Kong hot areas but without effect in the cool areas, a finding explained by the exacerbation of UHI effects on days with little wind. In Kaohsiung, the overall effect of wind speed was slight and non-significant but it was stronger, although still non-significant, in the cool areas of the city (level 3). A possible reason for this difference is that the distribution of wind speeds is very different between the two cities. The mean wind speed in Kaohsiung (2.2 m/s or 7.9 km/h) is only about the 5 th percentile of the wind speed in Hong Kong, which has a mean speed of about 20.5 km/h. Thus, wind speed in Kaohsiung may normally be insufficient to have much mitigating effect. Also the variation in wind speed is much smaller in Kaohsiung (SD = 2.7 versus 10.6 km/h for Hong Kong) making detection of an effect more difficult.
Other studies looking at intra-urban differences in heat effects have used various methods to classify areas of the city by potential differences in micro-climate. A study from Montreal (Smargiassi et al., 2009) used two satellite thermal images to classify areas as either hot or cool based on surface temperatures finding that the odds of mortality for a 26 °C day versus a 20 °C day were 28% higher in hot areas but only 13% higher in cool areas. A German study (Gabriel and Endlicher, 2011) used the proportion of each district covered by sealed surfaces as a proxy for UHI effects, finding a positive correlation between this proportion and district mortality rates during periods of stress due to high heat. Other studies have looked at differences between urban and suburban/rural areas in heat effects on mortality. A study from Shanghai (Tan et al., 2010) found that excess mortality during the 1998 heat wave was about four times as high in urban areas compared to areas outside the city, while a study from Bangladesh (Burkart et al., 2011) found a rise in mortality of 7.5% per 1 °C increase in temperature above 28.8 °C in urban areas versus a considerably lower rise (1.5%) in rural areas. An advantage of using the UCMap to do the classification is that this method takes into account several different environmental parameters when evaluating urban microclimates. Thus, for example, Kaohsiung's Cijin district, which is a long, narrow island, has a high population density and a high UHII, but was classified as level 3 by the UCMap due to its seafront location. Likewise, the Siaogang district, which has a low population density and low UHII was classified as level 2 due to a large amount of industrial activity and lack of greenery. In separate analyses, these classifications appear to be partially supported by our data as Siaogang showed a large temperature effect on mortality, particularly above 29 °C (although non-significant due to the small sample size), while Cijin showed only a small inverse association.
Our finding of a significant association between extreme high temperatures and mortality is consistent with most other studies. Research specifically looking at heat effects in cities with tropical climates is not as common as research on heat effects in cities with temperate or sub-tropical climates. However, the ISOTHURM study (McMichael et al., 2008) included two cities with tropical climates: Bangkok in Thailand and Salvador in Brazil. Mortality in the former city was found to rise on average by 5.78% per 1 °C temperature rise (lags 0-1) above 29 °C, while for Salvador a 2.48% rise in mortality was found for rises of 1 °C above a threshold of 23 °C. A multi-city study from the United States of America (Curriero et al., 2002) included one tropical city: Miami in the state of Florida, which showed a 4.01% rise in mortality per 1°C rise in same-day temperature above the minimum mortality temperature of 27.2 °C.
The major strengths of our study are (i) the inclusion of the use of a comprehensive classification method for urban climatic conditions (UCMap), (ii) the availability of long time-series of data (10 years), and (iii) the use of sophisticated statistical methodology, which controlled for possible confounders and accounted for lagged effects.
A limitation, which is shared by other studies of this nature, is the fact that our meteorological and pollutant variables were measured outdoors at fixed monitoring stations and thus may not represent the conditions to which individuals are actually exposed. Another limitation is that mortality counts were only available at the district level. Since urban climatic conditions varied within districts as well, some decedents in level 1 or level 2 districts may have actually lived in areas of these level 3 districts and vice versa.
Conclusion
There is a significant positive association between high temperature and mortality during the hot season in Kaohsiung, but only in areas of the city judged to have urban climatic and environmental characteristics which exacerbate the UHI effects. However, the sharp rate of increase in mortality for temperatures over 29°C suggests that climate change could have a more adverse impact on mortality in the future.
Urban planning designed to lessen the effects of UHI is an important adaptation measure in the face of inevitable rising temperatures in the near future, which does not only have the potential to provide more comfortable living conditions for urban populations, but would indeed improve health.
